Over the past four decades, there has been a significant increase in allergy and asthma in westernized countries, which correlates with alterations in fecal microbiota (microflora) and widespread use of antibiotics (the "hygiene hypothesis"). Antibiotics also lead to overgrowth of the yeast Candida albicans, which can secrete potent prostaglandin-like immune response modulators. We have developed a mouse model of antibioticinduced microbiota disruption that includes stable increases in gastrointestinal (GI) enteric bacteria and GI Candida levels with no introduction of microbes into the lungs. Mice are treated for 5 days with cefoperazone in the drinking water, followed by a single oral gavage of C. albicans. This results in alterations of GI bacterial populations and increased yeast numbers in the GI microbiota for at least 2 to 3 weeks and can drive the development of a CD4 T-cell-mediated allergic airway response to subsequent mold spore (Aspergillus fumigatus) exposure in immunocompetent mice without previous systemic antigen priming. The allergic response in the lungs is characterized by increased levels of eosinophils, mast cells, interleukin-5 (IL-5), IL-13, gamma interferon, immunoglobulin E, and mucus-secreting cells. In the absence of antibiotics, mice exposed to Aspergillus spores do not develop an allergic response in the airways. This study provides the first experimental evidence to support a role for antibiotics and fungal microbiota in promoting the development of allergic airway disease. In addition, these studies also highlight the concept that events in distal mucosal sites such as the GI tract can play an important role in regulating immune responses in the lungs.
Over the past four decades, there has been an explosive increase in allergy and asthma in westernized countries (67) . According to a Centers for Disease Control and Prevention study, asthma rates in the United States increased 75% from 1980 to 1994, with the largest increase (160%) reported for children ages 0 to 4 (36) . In the United States, the incidence among 13-to 14-year-old children is 22%, while in Canada, the United Kingdom, Ireland, New Zealand, and Australia, the incidence is 28 to 32% (22) . While host genetics can influence allergy and asthma development, this marked increase is almost certainly due to changes in environmental factors and has lead to the "hygiene hypothesis" of allergies and asthma (62, 67) . One of the factors in the hygiene hypothesis that correlates with this increased incidence is the rise in antibiotic use in industrialized countries (1, 12, 39, 65, 68) . Epidemiologic studies in humans have also demonstrated a positive correlation between altered fecal microbiota (microflora) and atopic disease (4, 6, 23, 29) . Since germfree animals also display numerous defects in the regulation of immune responses (10, 35, 58, 70) , these observations raise the question of whether antibiotic-induced changes in the gastrointestinal (GI) microbiota are a predisposing factor for developing allergic responses in the airways. To date, this facet of the hygiene hypothesis has never been tested in an experimental model.
Increased fungal microbiota growth is a common side effect of antibiotic therapy. The yeast Candida albicans is a normal part of the human microbiota and resides in the mouth, vagina, and GI tract in low numbers (reviewed in reference 7). The factors affecting C. albicans numbers on mucosal surfaces are multifaceted and include the normal microbiota, hormones, stress, innate immunity, and adaptive immunity. Antibiotictreated and germfree mice are dramatically more susceptible to C. albicans colonization and infection. Thus, control of C. albicans by the normal microbiota is very important. We recently reported that C. albicans (and many other fungi) secrete prostaglandin-like oxylipin molecules de novo or via conversion of exogenous arachidonic acid (42, 43) . Prostaglandins such as prostaglandin E 2 (PGE 2 ) and prostaglandin D 2 (PGD 2 ) can inhibit Th1-type immune responses (3, 37, 57) , promote Th2-type responses (11, 37, 54) , and play a role in overall immune regulation (positive and negative) (44, 45) . Thus, growth of fungal microbiota in a mucosal site could potentiate or alter immune responses on the mucosa via the production of prostaglandin-like oxylipins.
The objective of our present studies was to test one aspect of the hygiene hypothesis and investigate whether antibiotic therapy and alterations in microbiota populations, including growth of C. albicans, can dysregulate immune response generation in the airways, leading to allergic (Th2) responses to inhaled fungal elements. To test this hypothesis, we developed a murine model and focused primarily on the generation of allergic responses to mold spores from the ubiquitous fungus Aspergillus fumigatus, one of the most common indoor allergens affecting humans (30) . tions in enclosed filter-top cages. Food and sterile water were given ad libitum. The mice were maintained by the Unit for Laboratory Animal Medicine at the University of Michigan (Ann Arbor, Mich.), and protocols were approved by an animal institutional review board.
Antibiotic treatment. Cefoperazone (0.5 mg/ml; Sigma-Aldrich, St. Louis, Mo.) was administered orally to mice ad libitum in drinking water. Antibiotic treatment was continued for 5 days to allow for C. albicans colonization. After 5 days, drinking water was replaced with sterile water. Fecal cultures were analyzed at the termination of antibiotic therapy to confirm the efficacy of the antibiotic in decreasing GI microbiota populations. To insure consistent microbiota recolonization, an untreated mouse was always housed with the antibiotic-treated mice.
A. fumigatus intranasal inoculation. A. fumigatus (ATCC 13073) was grown on Sabouraud dextrose agar (SDA; Difco, Detroit, Mich.) for 14 days. Conidia were harvested by washing plates with sterile 0.1% Tween 80. The resulting fungal suspension was then filtered through two layers of sterile gauze to remove hyphae. For infection, the conidia were washed in nonpyrogenic saline (Abbott Laboratories, Chicago, Ill.), counted with a hemocytometer, and diluted to 10 9 conidia/ml in sterile nonpyrogenic saline to administer 10 7 conidia/mouse in a 10-l volume. Prior to intranasal inoculation, mice were anesthetized by intraperitoneal injection with a ketamine-xylazine solution (2.5 mg of ketamine/mouse [Fort Dodge Animal Health, Fort Dodge, Iowa] plus 0.1 g of xylazine/mouse [Lloyd Laboratories, Shenandoah, Iowa]). Mice were given a 5-l bolus of A. fumigatus in each nostril followed by a 10-l flush with sterile saline in each nostril.
C. albicans GI inoculation. C. albicans strain CHN1 was grown to stationary phase (72 h) at 37°C in Sabouraud dextrose broth (1% neopeptone, 2% dextrose; Difco) with shaking. For infection, the cultures were washed in sterile nonpyrogenic saline, counted with a hemocytometer, and diluted to 2 ϫ 10 8 CFU/ml in sterile nonpyrogenic saline. Mice were inoculated with C. albicans (10 7 CFU in 50 l) by oral administration with a 24-gauge feeding needle attached to a 1-ml syringe. The syringe containing C. albicans was mounted onto a Stepper repetitive pipette (Tridak, Brookfield, Conn.) to deliver an equal amount of inoculum to each mouse. Aliquots of the inoculum were analyzed for CFU to monitor the amount delivered.
Tissue CFU assay. Murine tissues were excised in a laminar flow hood, placed in tubes containing 10 ml of sterile water, weighed, and homogenized mechanically by using a Tissue-tearor (Biospec Products, Bartlesville, Okla.). For the oral cavity, the tongue and both cheek pouches were removed. For all the other organs, the entire organ was removed and homogenized. Aliquots of the homogenates were plated out in 10-fold dilutions. Several types of media were used to select for bacteria or yeast (SDA [Difco] for yeast, violet red bile agar [VRBA; Difco] for facultative anaerobic coliform bacteria, and Trypticase soy agar with 5% sheep blood [TSA II; BD Biosciences, Franklin Lake, N.J.] for total bacteria). SDA and VRBA plates were incubated aerobically at 37°C, and TSA II plates were incubated under anaerobic conditions (85% N 2 , 10% CO 2 , 5% H 2 ) at 37°C. Colonies were counted at 24 h for the bacterial plates and 72 h for the fungal plates. The data are presented as the CFU per tissue for the cross-tissue comparisons of Candida deposition and CFU per gram of cecum for the bacterial counts.
Lung leukocyte culture and cytokine ELISA. Mice were euthanized by CO 2 . Lungs were excised, minced, and enzymatically digested as described previously. Cell concentrations were determined by counting cells diluted in trypan blue with a hemocytometer. Isolated leukocytes from individual mice were standardized to 5 ϫ 10 6 cells/ml and cultured in complete medium without additional stimulation at 37°C and 5% CO 2 . Supernatants were harvested at 24 h and assayed for cytokine production by enzyme-linked immunosorbent assay (ELISA) (OptEIA; Pharmingen, San Diego, Calif.).
Cell staining. Leukocyte differentials (neutrophils, eosinophils, macrophages, and moncytes or lymphocytes) were visually counted after Wright-Giemsa staining of lung leukocyte samples cytospun onto glass slides (Shandon Cytospin, Pittsburgh, Pa.). The percentage of a leukocyte subset was multiplied by the total number of leukocytes to yield the absolute number of that leukocyte subset. CD4 ؉ -T-cell depletion in mice. Anti-CD4 antibody (GK1.5) was diluted in sterile saline to deliver 300 g of antibody/mouse in a 250-l volume. Mice were injected intraperitoneally with the diluted antibody 2 days prior to the initial A. fumigatus exposure (day 0 of the experimental timeline). A second injection of anti-CD4 antibody was given at day 7 postinoculation with C. albicans at a concentration of 100 g/mouse in a 250-l volume. Administration of this antibody resulted in a 99.95% depletion of CD4 ϩ T cells as determined by fluorescence-activated cell sorter analysis. For fluorescence-activated cell sorter analysis of CD4 T-cell populations, an antibody (RM4-4) with specificity for an epitope of CD4 different from that of the depleting antibody (GK1.5) was used.
Statistical analysis. The Student's t test (two-tailed, unequal variance) was used to analyze the significance of differences between experimental groups. For multiple comparisons, Bonferroni's correction was applied. Data with a P value of Յ0.05 for a single comparison and Յ0.015 for three comparisons were considered to be significant.
RESULTS
To establish a model of antibiotic therapy that included reproducible yeast persistence in the microbiota, C57BL/6 mice were first treated with a short course of a broad-spectrum antibiotic (cefoperazone for 5 days) in the drinking water to decrease total bacterial microbiota followed by a single oral gavage dose of C. albicans to establish a reproducible, low-level elevation of yeast in the microbiota (outlined in the Fig. 1  legend) . Greater than 99.95% of the C. albicans colonies cultured at day 1 after gavage were found in the GI tract, with Ͻ100 CFU in the oral tissue and no detectable yeast in the lungs (Fig. 2a) . C. albicans could not be cultured from the lungs at any time point examined in these studies (1 h, 12 days, and 19 days; data not shown), nor could we culture any bacteria from the lungs. This protocol for antibiotic treatment and gavage reduced culturable anaerobic and enteric bacteria levels in the gut by 99.99% at day 4 of antibiotic treatment and resulted in elevated C. albicans levels in the GI tract ( Fig. 2b and c). When antibiotic treatment was discontinued (day 0), the numbers of both anaerobic and enteric bacteria increased. However, the recolonization by the enteric bacteria resulted in 10-to 100-fold-higher enteric bacteria levels at days 7 and 12 post-antibiotic treatment (referred to hereafter as posttreatment) compared to untreated mice ( Fig. 2b and c) . The levels of anaerobic bacteria in the cecum in our studies is consistent with that reported previously (27) . The levels of C. albicans in the GI tract decreased during the regrowth of the bacterial microbiota but remained elevated at day 12 posttreatment (Fig. 2c) and could be found in the feces (data not shown). C. albicans did not cause overt disease symptoms and did not disseminate from the GI tract (data not shown). In summary, FIG. 1. Experiment timeline for the induction of allergic airway disease following antibiotic therapy and fungal microbiota increase. C57BL/6 mice were given oral cefoperazone (0.5 mg/ml) in their drinking water for 5 days (days Ϫ4 through 0). At day 0, C. albicans (10 7 CFU) was administered orally, and mice were challenged intranasally (days 2 and 9) with A. fumigatus conidia (10 7 conidia/mouse). Mice were harvested at day 12 posttreatment.
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there was no evidence that this procedure introduced any microbes into the lungs, the GI microbiota of these mice were still disrupted 12 days after the completion of antibiotic treatment, and the GI microbiota was characterized by an elevated enteric bacteria-to-anaerobe ratio combined with low-level persistence of C. albicans. We exposed mice intranasally to mold spores (A. fumigatus conidia) at days 2 and 9 posttreatment to determine whether the combination of antibiotic therapy and concomitant increase in the fungal microbiota could promote the development of a hypersensitivity response to pulmonary allergen exposure. Intranasal Aspergillus conidia exposure did not lead to detectable Aspergillus infection in any of the treated or untreated groups at the time points examined in these studies (data not shown). The pulmonary immune response parameters that were measured included well-documented features of airway allergic responses to Aspergillus: eosinophilia, increased mast cell numbers, induction of serum immunoglobulin E (IgE), goblet cell metaplasia, and lung leukocyte production of interleukin-5 (IL-5) and IL-13 (5, 26, 52, 53) . The treatment of mice with antibiotics followed by oral gavage of C. albicans (Anb/Ca group) did not induce any changes in the pulmonary allergic and inflammatory response parameters measured in these studies if the mice were not exposed to conidia ( Fig. 3 and 4) . Exposure of mice to conidia in the absence of antibiotic therapy and C. albicans growth resulted in the production of gamma interferon (IFN-␥) by lung leukocytes (Fig. 4c) and an increased number of neutrophils in the lungs (data not shown), but otherwise, the response in the airways consisted of few eosinophils and mast cells, low-level production of IL-5, IL-13, and serum IgE, and minimal goblet cell metaplasia (Fig. 3 to 5) . In sharp contrast, conidia exposure produced a significant allergic response in the lungs of Anb/Ca mice (Fig. 3 to 5) . The number of eosinophils and mast cells in the lungs increased ( Fig. 3a and b) . Serum IgE levels were significantly higher (Fig.  3c) . Production of IL-5 and IL-13 by lung leukocytes was elevated (Fig. 4) . Neutrophil influx and IFN-␥ levels were elevated compared to those of unexposed Anb/Ca mice but similar to those seen in the conidia only group (Fig. 4c and data not shown). The eosinophilic nature of the inflammatory response was evident in a histological analysis of the lungs (Fig.  5 ). In addition, the high IL-13 levels were accompanied by widespread goblet cell metaplasia, as indicated by the increased number of periodic acid-Schiff (PAS) staining cells in the airways (Fig. 5) . High-level production of IL-13 is both necessary and sufficient to induce the features of allergic disease including goblet cell metaplasia (60, 66) . While we were unable to demonstrate that the lung leukocytes produced IL-4, the increase in serum IgE levels in Anb/Ca mice following conidia exposure indirectly indicated that IL-4 was induced in these mice (Fig. 2c) . Thus, conidia exposure produced a significant allergic airway response in Anb/Ca mice but not in untreated mice.
Our next objective was to determine whether the allergic response in the airways of Anb/Ca mice was a CD4 T-cellmediated response (Th2). Anb/Ca mice that were exposed to conidia were treated with a CD4 T-cell-depleting monoclonal antibody prior to mold spore exposure. This well-established procedure reliably renders the mice CD4 T-cell deficient and resulted in a 99.95% reduction in CD4 T cells in these experiments (data not shown). In CD4 T-cell-deficient Anb/Ca mice, pulmonary eosinophil numbers, lung IL-5 and IL-13 production, and serum IgE levels did not increase following conidia exposure (Fig. 6) . In contrast, all of these allergic response indices were elevated in CD4 T-cell-sufficient Anb/Ca mice (Fig. 6 ). The conclusion from these studies is that the response was CD4 T-cell mediated, and the implication is that alterations in the microbiota populations can have a significant impact on the development of a CD4 Th2 response in the lungs.
DISCUSSION
Our studies present a system "perturbation" that is caused by an interrelated, multifactoral process. We have presented a model of a clinically feasible, common scenario that occurs for a number of humans: antibiotic treatment followed by a nonlife-threatening low-grade increase in fungal microbiota accompanied by an increase in the enteric microbiota. These are interrelated, dependent processes. In our studies, we have viewed this as one "change," a perturbation in the system. Our   FIG. 4 . Effect of antibiotic therapy and fungal microbiota increase on lung leukocyte cytokine production in response to intranasal conidia exposure. Mice were treated as described in the legend to Fig.  1 . At day 12 posttreatment, leukocytes were isolated from whole lungs and cultured (5 ϫ 10 6 cells/ml) for 24 h without additional stimulation. Supernatants were collected and assayed by ELISA for IL-5 (a), IL-13 (b), and IFN-␥ (c). Results are expressed as the increase in the levels of cytokine production compared to equivalent numbers of lung leukocytes from unchallenged, untreated mice (mean Ϯ standard error of the mean). Lung leukocyte cultures from unchallenged, untreated mice produced Ͻ50 pg of IFN␥ and IL-13/ml and Ͻ500 pg of IL-5/ml. n ϭ 7 to 9 mice per time point. The experiments were repeated two times with similar results. Asterisks, P Ͻ 0.015 for group 3 compared to groups 1 and 2; double asterisks, P Ͻ 0.015 compared to group 1 only.
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ANTIBIOTICS AND FUNGAL MICROBIOTA IN ALLERGIC RESPONSEdata demonstrate that the perturbation itself does not elicit an allergic response. Airway antigen exposure alone also does not elicit an allergic response. However, if the system is perturbed and then antigen exposure occurs, a vigorous airway allergic response develops. This is a cause-and-effect equation with two variables, (i) antibiotic-induced change with fungal microbiota increase and (ii) airway exposure to antigen. The conclusion of these studies is that inhalation of antigen induces an allergic response only when the physiologic perturbation has occurred. This study may raise more questions than it answers. However, it is important to realize that this study definitively points out one very important point: we have demonstrated in an animal model a type of system perturbation that allows airway allergic responses to be generated where they would not normally occur. This perturbation is a clinically relevant model. We do not know which aspect of the perturbation is most important; however, the perturbation is the cause of the immune deviation. These studies address a major concept of the hygiene hypothesis and experimentally test in mice whether the correlation between antibiotics or microbiota changes and allergies in humans could be a cause-and-effect relationship. Repeated Aspergillus spore exposure of untreated mice did not produce any indices of an allergic response. In sharp contrast, repeated Aspergillus spore exposure of Anb/Ca (microbiota-disrupted) mice produced a strong CD4 T-cell-mediated allergic response as indicated by increased levels of eosinophils, mast cells, IL-5, IL-13, IFN-␥, IgE, and mucus-secreting cells in the airways. The presence of IFN-␥ along with Th2 cytokines in the lungs is consistent with an allergic airway response (19) .
Is this response restricted to mold spores and C57BL/6 FIG. 5. Effect of antibiotic therapy and fungal microbiota increase on lung inflammation and goblet cell metaplasia in response to intranasal conidia exposure. Mice were treated as described in the legend to Fig. 1 . At day 12 posttreatment, lungs were harvested, fixed, sectioned, and stained with hematoxylin and eosin (H&E) (a to d) or PAS (e to h). In panel d, the arrow highlights the presence of numerous eosinophils in mice treated with antibiotics and colonized with GI C. albicans. In panel f, PAS stains mucus pink, indicating goblet cell metaplasia in the airway epithelium (arrow). Magnifications and groups are indicated on the photomicrographs.
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mice? We have performed additional studies similar to those described in this paper using BALB/c mice for mold spore challenge. An allergic response also developed in the lungs of Anb/Ca but not non-antibiotic-treated BALB/c mice (our unpublished data). We also used a similar multiple intranasal challenge protocol with ovalbumin (OVA) in Anb/Ca and nonantibiotic-treated BALB/c mice (which did not include any systemic priming to OVA). The allergic response in the airways of untreated mice exposed intranasally to OVA was low, while Anb/Ca mice produced a significant allergic response in the airways (our unpublished data). Thus, our additional studies indicate that the pulmonary allergic response in mice with altered microbiota can occur in other inbred genetic backgrounds of mice and in response to nonfungal antigens. In this study, we have demonstrated that the physiologic perturbation of cefoperazone and increased yeast microbiota can allow or promote the development of an allergic airway response upon subsequent exposure to Aspergillus spores. This is a complex physiologic perturbation but one that is clinically common. While our studies demonstrate a cause-and-effect relationship between this perturbation and the subsequent response, at this point we cannot identify which factors are most important. Cephalosporins and other antibiotics have been shown to have direct effects on leukocytes (for examples, see references 34, 48, 51, 61, and 63). This is not likely the major mechanism of immune deviation in our mice because exposure of mice treated with antibiotics but not inoculated with C. albicans to Aspergillus conidia did not induce the fulminant allergic response seen in Anb/Ca mice (data not shown), indicating that both antibiotic-induced and fungal microbiota changes appear to be necessary for promoting an allergic response in the airways. At this point, we cannot rule out the possibility that the growth of the fungal microbiota alone is all that is necessary. However, it must be kept in mind that growth of the fungal microbiota is largely influenced by the bacterial microbiota, which in turn will be significantly influenced by antibiotics. Our data demonstrate that this complex physiologic perturbation can alter immune regulation in the lungs, leading to allergic airway disease upon mold spore exposure.
The studies presented here indicate that alterations in the microbiota can significantly modify a T-cell-mediated immune response in the lungs. It has been proposed that the lung microenvironment is generally predisposed to Th2 responses (9) . However, repeated intranasal antigen exposure in the lungs leads to decreasing reactivity, a form of tolerance (18, 59) . Emerging models of T-regulatory responses suggest that both Th1 and Th2 responses can be down-modulated by regulatory T cells (Treg cells) and/or Th3 responses (38) . Oral tolerance is an example of a Th3 response that has been studied in models of experimental allergic encephalitis (40, 64) . Oral tolerance can suppress the Th1 response in the central nervous system during experimental allergic encephalitis (40, 64) and has also been reported to modulate an airway Th2 response in a model of OVA hypersensitivity (8) . The GI microbiota likely plays an important role in tolerance since oral tolerance cannot be generated in germfree mice (35) . The mechanism underlying this phenomenon remains to be determined. A number of studies have demonstrated that fluids, particles, and microbes introduced into the nasal cavity are largely found in the GI tract shortly thereafter (13, 46, 55) . Even volumes as small as 2.5 l introduced intranasally into mice will largely end up being swallowed due to the mucociliary anatomy of the nasopharyngeal cavity (46) . Thus, the GI tract will be exposed to any antigens to which the respiratory tract is also exposed. Since ingestion of antigens can induce tolerance to that antigen ("oral tolerance" [71] ), the GI tract may act as a "sensor" for the development of tolerance to inhaled antigens. Oral tolerance is believed to be mediated by regulatory T-cell (Treg/Th3) responses and these Treg/Th3 cells may down-modulate Th2 responses in the airways to the same antigens (49, 50, 69, 71) . Furthermore, oral tolerance is defective in germfree mice (58) , indicating a role for the microbiota in the development of the response. Thus, our data are consistent with the hypothesis that alterations of the GI bacterial and fungal microbiota may prevent the development of Treg/Th3 responses that control overexuberant mucosal Th2 responses to inhaled antigens such as mold spores. This is also the first animal model of fungal airway allergy in which immunocompetent mice develop an allergic response to mold spores without prior systemic immunization with the fungus or fungal antigens. It has been previously demonstrated that some pure Aspergillus proteins alone can induce an airway allergic response (17, 28, 33) ; however, intranasal challenge with Aspergillus spores, culture filtrate, or mycelial extracts cannot induce an allergic response without prior systemic sensitization (16, 17, 21, 31, 32) . Systemic immunization and airway challenge models have been extremely useful for the study of the manifestation and pathological process of the allergic FIG. 6 . Effect of CD4 T-cell depletion on the development of pulmonary hypersensitivity responses to conidia exposure in antibiotictreated mice or mice with altered microbiota (Anb/Ca). All mice were treated with cefoperazone followed by C. albicans gavage and intranasal conidia challenge as described in the legend to Fig. 1 . For CD4 ϩ -T-cell depletion, mice were injected with anti-CD4 monoclonal antibody (GK1.5) at days 0 and 7. n ϭ 4 mice per group. Asterisks, P Ͻ 0.01 compared to undepleted challenged Anb/Ca mice (group 1).
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ANTIBIOTICS AND FUNGAL MICROBIOTA IN ALLERGIC RESPONSE 5001 response. However, these models cannot address potential afferent mechanisms of allergic responses in humans because humans are exposed to mold spores via inhalation, not systemic immunization. Our studies present a new model to study the afferent phase of allergic airway responses. These studies also indicate that increased numbers of yeast cells in the microbiota can be a contributing factor in upregulating Th2 responses to antigen exposure in the lungs. In these studies, C. albicans was never isolated from the lungs, even immediately following gavage, and Ͼ99.9% of the yeast cells were found in the GI tract when analyzed 1 day posttreatment. If oral C. albicans was not included in the system perturbation (i.e., mice treated with antibiotic only), then a fulminant allergic response did not occur (data not shown), indicating a requirement for an alteration in the fungal microbiota in this system. C. albicans is a normal constituent of the human microbiota (14) , and one potential mechanism for the immunomodulatory activity of C. albicans is via the production of prostaglandin-like oxylipins (41) . C. albicans (and many other fungi) secrete PGE 2 -and PGD 2 -like molecules de novo or via conversion of exogenous arachidonic acid (42, 43) . A PGE 2 -cross-reactive compound can be purified from C. albicans and other fungi that are biologically active on mammalian cells with activity comparable to that of purified PGE 2 (42) . Prostaglandins such as PGE 2 and PGD 2 are potent immunomodulatory molecules (3, 37, 54) , and microbe-derived PGD 2 can alter dendritic cell migration and biology (2, 20) . Fungal cell wall glucans are also powerful inflammatory stimulants in tissues (15) and may also play a role in the immunomodulatory activity of yeast in the GI tract. Thus, increased levels of fungal microbiota, such as often occurs during antibiotic therapy, may diminish the ability to generate Treg/Th3 responses to swallowed antigens, possibly by interfering with tolerance-inducing antigen presentation via fungal oxylipins and glucans.
The studies presented here are the first to examine whether antibiotics and fungal microbiota changes can promote the development of an airway Th2 response. The potential link between antibiotic use and allergies is one of the major observations that led to the hygiene hypothesis of allergic diseases (56, 67) . We propose that the link between antibiotic use and dysregulated pulmonary immunity is through antibiotic-induced long-term alterations in the bacterial and fungal GI microbiota, which we predict disrupts the regulatory T-cell response. We have also demonstrated that enteric bacteria numbers can remain elevated for 2 weeks after the end of antibiotic therapy, and we have additional data that these numbers remain stably elevated for at least 3 weeks (data not shown). Numerous studies have shown a correlation between altered fecal bacterial microbiota counts (including high levels of enteric bacteria) and the development of allergies (4, 6, 23, 29) . A number of other studies have suggested a correlation between antibiotic use and allergies in humans (1, 12, 39) . Furthermore, other factors that may affect the incidence of allergies, such as diet and probiotic therapy (24, 25, 47) , also affect the GI microbiota composition. So, while it remains to be tested whether human allergies result from altered microbiota, we have demonstrated in an animal model that antibiotic use leading to altered bacterial and fungal microbiota can allow the development of an airway allergic response to subsequent allergen exposure via the nose. These studies also provide a conceptual mechanistic framework for investigating whether probiotic and prebiotic regimens may be useful in preventing or reducing allergies in infants and even adults.
